In this study we assessed the ability of Middle East respiratory syndrome coronavirus (MERSCoV) to replicate and induce innate immunity in human monocyte-derived macrophages and dendritic cells (MDDCs), and compared it with severe acute respiratory syndrome coronavirus (SARS-CoV). Assessments of viral protein and RNA levels in infected cells showed that both viruses were impaired in their ability to replicate in these cells. Some induction of IFN-l1, CXCL10 and MxA mRNAs in both macrophages and MDDCs was seen in response to MERS-CoV infection, but almost no such induction was observed in response to SARS-CoV infection. ELISA and Western blot assays showed clear production of CXCL10 and MxA in MERS-CoV-infected macrophages and MDDCs. Our data suggest that SARS-CoV and MERS-CoV replicate poorly in human macrophages and MDDCs, but MERS-CoV is nonetheless capable of inducing a readily detectable host innate immune response. Our results highlight a clear difference between the viruses in activating host innate immune responses in macrophages and MDDCs, which may contribute to the pathogenesis of infection.
INTRODUCTION
The Middle East respiratory syndrome coronavirus (MERS-CoV) was first discovered in 2012 in Saudi Arabia from a man suffering from an acute respiratory distress syndrome (Zaki et al., 2012; de Groot et al., 2013) . Since then, 1611 confirmed cases with 575 fatalities have been reported (as of October 2015; http://www.who. int/csr/don/29-october-2015-mers-saudi-arabia/en/). The high morbidity and novel nature of the virus have drawn comparisons with the severe acute respiratory syndrome coronavirus (SARS-CoV), which infected w8000 people causing almost 800 fatalities in 2002 (Cheng et al., 2007 . Whilst sharing many similarities in terms of the clinical picture (Hui et al., 2014) , studies focusing on pathogenesis have identified several notable differences between the viruses, including different receptor usage (Li et al., 2003; Raj et al., 2013) , differences in cell tropism (Chan et al., 2013; Zielecki et al., 2013) , different susceptibility to type I IFN and differences in host response (Josset et al., 2013) . Dromedary camels are considered to be the direct source of MERS-CoV human infections as evidenced by isolation of MERS-CoV from camels (Azhar et al., 2014; Raj et al., 2014) , and widespread seropositivity of camels in Africa and the Arabian Peninsula Reusken et al., 2013 Reusken et al., , 2014 Haagmans et al., 2014; Meyer et al., 2014) . Viruses very similar to MERS-CoV have also been isolated from bats (Ithete et al., 2013; Memish et al., 2013; Corman et al., 2014) and a recent study showed binding of bat CoV HKU4 spike protein to the MERS-CoV receptor human dipeptidyl-peptidase 4 (DPP4) , supporting a bat origin of MERS-CoV.
MERS-CoV causes a lower respiratory tract infection presenting as pneumonia, and common symptoms include fever, cough, sore throat and myalgia (Hui et al., 2014) . A large portion of patients, especially those with severe illness, had some underlying condition such as diabetes or chronic renal disease. Gastrointestinal symptoms and renal failure were also frequently observed in patients, and MERS-CoV RNA was detected in blood, urine and rectal swabs of patients, suggesting systemic dissemination and infection of the kidneys and gastrointestinal system . This view is also supported by in vitro studies on MERS-CoV host cell tropism, confirming efficient replication in human renal and intestinal cell lines (Chan et al., 2013) . Macrophages and dendritic cells (DCs) are abundantly present in infected lungs and they play an important role in infection control as producers of inflammatory cytokines and as antigen-presenting cells (Kopf et al., 2015) . They act as the first responders to invading pathogens and their interaction with the pathogens can be a strong determinant for the outcome of an infection. Some respiratory viruses are known to infect and replicate in macrophages and DCs, including human CoVs OC43 and 229E (Collins, 1998; Funk et al., 2012) . In addition to providing a platform for propagation, infection of DCs has also been speculated to contribute to systemic spread of influenza A virus through the lymphatic system (Moltedo et al., 2011) . SARS-CoV has been shown to infect macrophages and DCs, but the infection is abortive and does not result in detectable viral protein synthesis or production of progeny viral particles (Ziegler et al., 2005) . In the present study we investigated the ability of MERS-CoV to replicate and induce innate antiviral genes in human lung epithelial cells and primary human monocyte-derived macrophages and DCs (MDDCs), and compared the responses with those induced by SARS-CoV.
RESULTS

Monocyte-derived macrophages and MDDCs are non-permissive for MERS-CoV infection
In order to determine whether primary human macrophages and MDDCs are permissive for MERS-CoV infection, we assayed supernatant and cell lysate samples from infected cells by end-point dilution and quantitative reverse transcription (qRT)-PCR to search for evidence of viral replication. SARS-CoV was included as a comparison and MDDCs were also infected with influenza A virus strain A/Beijing/89 (H3N2) as a positive control. As shown in Fig. 1(a) , no evidence of efficient replication of MERS-CoV was observed in the qRT-PCR analysis in either cell type, with viral RNA levels remaining the same, decreasing or increasing only (a) Total cellular RNA was isolated from cell lysates, and qRT-PCR analysis carried out to quantify MERS-CoV and SARSCoV viral RNA in infected macrophages and MDDCs. Relative RNA amounts were compared with the 1 h sample. Results (mean¡SD) are representative of two independent experiments carried out in macrophages and MDDCs obtained from three different blood donors. *P,0.05. (b) Viral titres were measured from macrophage and MDDC supernatants using the end-point dilution assay. Results were calculated using the Spearman-Karber method.
weakly throughout the infection. Similar results were obtained with SARS-CoV (Fig. 1a) . End-point dilution assays performed on the supernatants confirmed the observations, showing a clear decrease in viral titre during the infection (Fig. 1b) . As a control to confirm the functionality of our experimental setting, A549, Calu-3 and Vero E6 cells were infected with the viruses in a similar fashion as the leukocytes. A549 cells were found to be non-permissive for infection with either virus as evidenced by a lack of increase in viral RNA amounts and decreasing supernatant titre levels throughout the infection (Fig. 2) . Both viruses showed efficient replication on Calu-3 and Vero E6 cells (Fig. 2) .
To further verify our observations we analysed cell lysates of infected macrophages, MDDCs, Calu-3 cells and Vero E6 cells for any increase in viral N protein amounts by Western blotting (Fig. 3) . As expected, no increase was seen in macrophages or MDDCs, whereas strong expression of N protein was observed in Calu-3 and Vero E6 cells (Fig. 3 ). (Fig. 4) . In SARS-CoVinfected macrophages, no induction of cytokine or MxA expression was observed (Fig. 4) . In MERS-CoV-infected MDDCs, induction of CXCL10 and MxA was observed at the 6 and 24 h time points coupled with some induction of IFN-b and IFN-l1 at the 6 h time point (Fig. 5) . SARS-CoV infection in MDDCs led to a modest increase in the IFN-l1 mRNA level at the 24 h time point (Fig. 5 ). In comparison with A/Beijing/89, the induction of innate immune response genes by MERS-CoV was weak with the exception of the MxA gene, which was induced to a similar level as seen in influenza A virusinfected cells at the 24 h time point. In Calu-3 cells, no significant difference between MERS-CoV and SARS-CoV was detected with both viruses causing a clear induction of all the tested cytokine and MxA genes (Fig. 6) . In A549 cells, no induction of IFN-b, IFN-l1, CXCL10, TNF-a or MxA mRNAs was seen in response to infection with either one of the CoVs (data not shown).
MERS-CoV infection results in induction of
In support of the qRT-PCR data we performed ELISAs on supernatants from the macrophage, MDDC and Calu-3 infection experiments to determine whether increased cytokine gene expression could be seen at the protein level. Despite some expression at the mRNA level, analysis of IFN-l1 and TNF-a showed no production of either cytokine in any cell type in response to MERS-CoV or SARS-CoV infection (data not shown). However, strong induction of CXCL10 mRNA by MERS-CoV in macrophages and MDDCs did correlate with high amounts of CXCL10 produced in some of the donors (Fig. 7 ). There was a large variation between different donors, as three of the six tested donors produced high levels of CXCL10 in both macrophages and MDDCs, whilst the other three showed no detectable CXCL10 production ( Fig. 7) . In Calu-3 cells, only modest CXCL10 production at the 48 h time point was observed in response to MERS-CoV (Fig. 7) . SARS-CoV induced strong CXCL10 production in Calu-3 cells, but no production was detected in either macrophages or MDDCs (Fig. 7) . Western blot analysis of MxA from cell lysates revealed high expression in MERS-CoV-infected macrophages and a more modest expression in MDDCs (Fig. 3) . SARS-CoV infection resulted in MxA expression in macrophages at the 24 h time point, but no expression in MDDCs was detected (Fig. 3) . In order to estimate the biological significance of the observed cytokine production, UV-inactivated supernatants from the infection experiments were used to prime A549 cells for 24 h followed by a 6 h infection with A/Beijing/89 virus ( Fig. S1 , available in the online Supplementary Material). Cells primed with macrophage and MDDC supernatants from MERS-CoV and A/Beijing/89 infection experiments were the only cells to show a statistically significant reduction in influenza A virus M1 RNA expression levels ( Fig. S1 ).
DPP4 is expressed in macrophages and MDDCs
Finally, a quantitative assay for MERS-CoV receptor DPP4 mRNA expression was set up to investigate whether differences in DPP4 expression would explain the observed differences in CoV replication. DPP4 was expressed at similar levels in macrophages and MDDCs, whereas approximately six-to eightfold higher expression levels (copy numbers) were seen in Calu-3 cells compared with macrophages and MDDCs (Fig. 8a) . This observation is an unlikely explanation for differences in replication though, as the DPP4 copy number was two to three times lower in Vero E6 cells than in macrophages or MDDCs (Fig. 8a) . Interestingly, almost no DPP4 mRNA expression was detected in A549 cells (Fig. 8a) . To study the DDP4 protein expression in different cell types we carried out Western blot analysis for DPP4 protein expression using highly specific antibodies (Fig. 8b) . As shown in Fig. 8(b) , DPP4 was detected in all tested cell types, with A549 cells showing the lowest DPP4 expression levels.
DISCUSSION
In the present study we investigated the characteristics of MERS-CoV infection in human monocyte-derived macrophages and MDDCs. Our results show that like SARS-CoV, MERS-CoV is unable to establish a productive infection in human macrophages and MDDCs in vitro, as evidenced by no significant increase in viral titres, RNA levels or expression of viral N protein during the infection. We did, however, observe an increase in IFN-b, IFN-l1, CXCL10 and MxA mRNA expression, and in CXCL10 protein expression, in response to MERS-CoV infection. This increase was not seen with SARS-CoV, revealing a clear difference between the viruses. Calu-3 cells supported efficient growth of both viruses, and exhibited a strong expression of IFN-b, IFN-l1, CXCL10 and MxA mRNAs, but only SARS-CoV induced strong CXCL10 protein expression.
An obvious explanation for the lack of MERS-CoV replication in macrophages and MDDCs would be the lack of MERS-CoV receptor DPP4 on the cell surface. DPP4 is ubiquitously expressed in many different tissues (Lambeir et al., 2003) and has been reported to be expressed on the cell surface of most monocyte-derived macrophages and MDDCs (Zhong et al., 2013) . In order to verify the expression of DPP4 in our cell systems, we quantified DPP4 mRNA copy numbers in our samples by qRT-PCR and also analysed DPP4 protein levels in cell lysates (Fig. 8) .
We found that both macrophages and MDDCs readily expressed DPP4, with macrophages showing even higher DPP4 protein levels than Calu-3 cells (Fig. 8) . However, low DPP4 expression correlated with the lack of MERSCoV replication on A549 cells. Even though receptor availability is evidently not an issue, a block at a very early stage of macrophage/MDDC infection is suggested as no production of MERS-CoV or SARS-CoV virus RNA or proteins is seen. Another possible explanation for impaired internalization besides receptor availability is the deficiency in spike protein cleavage. CoV S protein is classified as a class I viral fusion protein and it needs to be cleaved for efficient internalization into a host cell (Bosch et al., 2003) . This cleavage can occur either during the infection before budding or upon the entry of the virus into a new host cell. Several different host cell proteases have been reported to be involved in MERS-CoV S protein cleavage, including TMPRSS2 (Gierer et al., 2013) , cathepsin L (Shirato et al., 2013) and furin (Burkard et al., 2014; Millet & Whittaker, 2014) . Of these, overexpression of TMPRSS2 or furin has been shown to increase host cell susceptibility to MERS-CoV infection (Shirato et al., 2013; Millet & Whittaker, 2014) . Shirato et al. (2013) reported that MERS-CoV can utilize different proteases for S protein cleavage in different cell types. Thus, the range of proteases expressed by a cell appears to be one of the determinants of host cell tropism, and could also be a factor in the lack of replication in macrophages and MDDCs. However, our stock viruses are expected to be highly infectious, as both Vero E6 and Calu-3 cells were effectively infected. and MDDCs. This apparent discrepancy with our study may be related to differences in experimental conditions or the differentiation protocol used in different laboratories. Variability between studies involving macrophages and DCs is not uncommon. For instance, influenza A infection of macrophages and DCs can have varying results depending on virus strain, maturation state of the immune cells and cell subset being studied (Short et al., 2012) . Individual variability may also play a role, as macrophages from different donors differ in their permissibility to human immunodeficiency virus infection (Bergamaschi & Pancino, 2010) . This variability also became apparent in our own study, as different donors showed significant differences in their CXCL10 responses (Fig. 7) . Therefore, some variability is to be expected when studying primary cells and the exact reason for certain discrepancies between different studies is difficult to identify.
Despite a lack of efficient replication, MERS-CoV infection was associated with some induction of IFN-b, IFN-l1, CXCL10 and MxA mRNAs in macrophages (Fig. 4) and MDDCs (Fig. 5) . Although the induction seems modest, as might be expected considering the lack of replication, this induction may still be significant. In our previous study we showed that even a modest increase in MxA expression induced by low amounts (1 IU ml
21
) of IFNa/b was sufficient to trigger antiviral responses against influenza viruses (Osterlund et al., 2010) . MERS-CoVinduced IFN production also proved to be modest, as we failed to detect any IFNs in infected cell supernatants, but it was still enough to cause strong expression of MxA, especially in macrophages (Fig. 3) . The induction of CXCL10 mRNA correlated with abundant CXCL10 protein expression, but intriguingly striking differences between the donors were observed (Fig. 7) . Significant individual variation in response to MERS-CoV has been previously reported in patients (Faure et al., 2014) , but our data show that such variation can be evident in any blood cell donor. In accordance with strong CXCL10 and MxA expression, priming of A549 cells with supernatants from MERS-CoV-infected macrophages and MDDCs caused a clear reduction in A/Beijing/89 replication, indicating significant antiviral cytokine production (Fig. S1) .
Our results are mostly in accordance with studies by Zhou et al. (2014) and Chu et al. (2014) who also reported CXCL10 induction in MERS-CoV-infected macrophages and MDDCs, albeit to a somewhat lesser degree. Neither study analysed MxA gene expression and this is, to the best of our knowledge, the first study to report on MERS-CoV-induced MxA expression in macrophages and MDDCs. In Calu-3 cells, MERS-CoV infection resulted in only modest CXCL10 expression (Fig. 7) despite a strong induction of CXCL10, IFN-l1 and TNF-a mRNAs (Fig. 6) . SARS-CoV infection of Calu-3 cells resulted in significant CXCL10 production. However, no IFN-l1 and TNF-a production was seen despite strong mRNA induction. This highlights the importance of verifying gene expression data at the protein level. Our results in Calu-3 cells are similar to previous studies where SARS-CoV was found to be a better inducer of innate immune responses than MERS-CoV (Lau et al., 2013) . In addition to a small increase in IFN-l1 mRNA levels at a later time point of infection in MDDCs, no mRNA induction or protein expression of any antiviral or proinflammatory mediators at any point of SARS-CoV infection was seen in macrophages or MDDCs (Figs. 4, 5 and 7) . Also, no inhibitory effect on A/Beijing/89 replication was observed in the priming experiment (Fig. S1) . These results highlight a difference between MERS-CoV and SARS-CoV, which might be explained by the different composition of accessory proteins exhibited by the viruses.
Both SARS-CoV and MERS-CoV encode several accessory proteins with proven IFN antagonistic properties. SARSCoV ORF3b protein is a direct inhibitor of IFN-b induction (Spiegel et al., 2005) , ORF3a protein suppresses IFN signalling through the activation of the PERK pathway (Minakshi et al., 2009 ) and ORF6 protein inhibits IFN signalling by interfering with STAT1 activation Kopecky-Bromberg et al., 2007) . The structural M and N proteins and several non-structural proteins of SARS-CoV are also involved in blocking type I IFN production Siu et al., 2009; DeDiego et al., 2014) . MERS-CoV ORF4b protein has been shown to inhibit IFN signalling by an unknown mechanism (Yang et al., 2013; Matthews et al., 2014) and the ORF4a protein blocks IFN induction by interaction with dsRNA (Niemeyer et al., 2013; Siu et al., 2014) . In addition, MERS-CoV NSP3, M and ORF5 proteins have been shown to have IFN antagonistic functions (Yang et al., 2013 (Yang et al., , 2014 . This differing array of antagonistic proteins is a plausible explanation for the variation in host response, but other factors are also likely involved. The SARS-CoV receptor ACE2 is reportedly not expressed in MDDCs (Law et al., 2005) and our Western blot analysis failed to detect any SARS-CoV N protein at any point of infection in macrophages (Fig. 3 
METHODS
Ethical standards. Our study complied with the current laws of Finland. Adult human blood used in the experiments was obtained from anonymous healthy blood donors through the Finnish Red Cross Blood Transfusion Service (permission no. 29/2014, renewed once a year).
Cells and viruses. MERS-CoV (GenBank accession number JX869059) and SARS-CoV (HKU-39849) were provided by the Erasmus Medical Center (Rotterdam, The Netherlands), and propagated in Vero E6 cells for two passages to obtain virus stocks for the experiments. The titres of MERS-CoV and SARS-CoV stocks were determined to be 1.5|10 6 and 2.5|10 7 TCID 50 ml 21 , respectively, by end-point dilution assay. The propagation of CoVs and all experiments with them were carried out under strict Biosafety Level 3 conditions. Influenza A virus strain A/Beijing/89 (H3N2) was propagated in 11-day-old embryonated chicken eggs at 34 uC for 3 days. Macrophages and DCs were differentiated from monocytes derived from voluntary blood donors as previously described (Pirhonen et al., 1999; Osterlund et al., 2005) and identified as macrophages or DCs by their typical morphology. The cell populations generated with these methods have been characterized previously in our laboratory (Lehtonen et al., 2007) . Macrophages were maintained in macrophage serum-free substitution medium (Gibco Invitrogen) supplemented with 0.6 mg penicillin ml 21 , 60 mg streptomycin ml 21 and 10 ng human granulocyte-macrophage colony-stimulating factor (GM-CSF) ml 21 (Biosource), and used at 7 days after cultivation. MDDCs were maintained in RPMI medium (Sigma-Aldrich) supplemented with 0.6 mg penicillin ml 21 , 60 mg streptomycin ml 21 , 2 mM L-glutamine, 20 mM HEPES, 10 % FCS (Sigma-Aldrich), 10 ng GM-CSF ml 21 and 20 ng IL-4 ml 21 (R&D Systems), and used at 6 days after cultivation. A549 (ATCC CCL-185), Vero (ATCC CCL-81), Vero E6 (ATCC CRL-1586) and Calu-3 (ATCC HTB-55) cells were maintained in Eagle's minimum essential medium (Invitrogen) supplemented with 0.6 mg penicillin ml 21 , 60 mg streptomycin ml
21
, 2 mM L-glutamine, 20 mM HEPES and 10 % FCS at 37 uC in 5 % CO 2 .
Infection experiments. Macrophages and A549 cells on 24-well plates were infected with MERS-CoV or SARS-CoV at m.o.i. 1 for up to 48 h with fresh medium changed at 1 h post-infection. MDDCs on 24-well plates were infected with MERS-CoV, SARS-CoV or A/Beijing/89 at m.o.i. 1 for up to 48 h. Three different donors were used for macrophages and MDDCs. Supernatant samples were collected at 1, 6, 24 and 48 h post-infection followed by PBS wash, lysing of the cells into either RLT-buffer or passive lysis buffer (Promega) and pooling of the lysates from different donors. Calu-3 and Vero E6 cells were infected similarly to A549 using m.o.i. 1 for Calu-3 and m.o.i. 0.1 for Vero E6 cells. Supernatant samples were taken at 1, 24, 48, 72 and 96 h post-infection followed by PBS wash, lysing of the cells into either RLT-buffer or passive lysis buffer and pooling of lysates from three wells.
RNA isolation and qRT-PCR. Total cellular RNA was isolated from the cell lysates using a RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. RNase-Free DNase Set (Qiagen) was used for DNA digestion during isolation. A TaqMan Reverse Transcriptase kit (Life Technologies) with random hexamer primers was used to transcribe 1 mg RNA into cDNA. TaqMan Universal PCR Mastermix and Gene Expression Assays (Life Technologies) were used for the real-time PCR amplification of the cDNA with the Stratagene Mx3005P instrument (Stratagene). Previously described primers (Drosten et al., 2003; Corman et al., 2012) targeting the ORF1b region of SARS-CoV and MERS-CoV genomic RNA were used for assaying viral copy number, and commercially available primers (Life Technologies) were used for analysing the expression levels of IFN-b, IFN-l1, CXCL10, TNF-a and MxA mRNAs. Fold inductions were calculated by normalizing C t values of each sample to their 18S rRNA levels (primers from Life Technologies) and then comparing them either to the 1 h sample (viral copy number) or to uninfected control samples collected at each time point (cytokines and MxA).
End-point dilution assay. For determining viral titres in MERSCoV and SARS-CoV samples, Vero or Vero E6 cells, respectively, were used. A dilution series up to 10 28 was made for each sample and used to infect cells on 96-well plates with eight infected wells for each dilution. After 3 days of incubation the wells were observed for cytopathic effect under a light microscope and scored positive or negative for virus infection. Results were calculated using the SpearmanKarber method and presented as TCID 50 ml 21 .
Antibodies. Guinea pig antibody against SARS-CoV N protein has been described previously (Ziegler et al., 2005) and was used at a 1 : 2000 dilution. Polyclonal rabbit antibody against MERS-CoV N protein (1 : 1000 dilution) has been described previously (Adney et al., 2014) . Commercial rabbit antibodies against MERS-CoV N protein (1 : 1000 dilution; Sino Biological), human DPP4 (1 : 1000 dilution; AbCam) and actin (1 : 500 dilution; Santa Cruz Biotechnology) were used according to the manufacturer's instructions. Rabbit antibody against MxA has been described previously (Ronni et al., 1993) and was used at a 1 : 500 dilution. As secondary antibodies, HRP-conjugated rabbit anti-guinea pig (1 : 1000 dilution; Dako) and goat anti-rabbit (1 : 2000 dilution; Dako) immunoglobulins were used.
Western blot analysis. Protein concentrations of cell lysates in passive lysis buffer were measured by the Bradford method, and equal amounts of proteins (10 mg of total protein per lane) were loaded and separated on 12 % SDS-PAGE. Proteins were transferred onto Immobilon P PVDF membranes, blocked with PBS+5 % milk powder for 40 min at room temperature, stained for 1 h at room temperature with antibodies against MERS-CoV N, SARS-CoV N and actin followed by staining with HRP-conjugated secondary antibodies for 1 h at room temperature. PBS+0.05 % Tween was used for washes between treatments and PBS+5 % milk was used as diluent for antibodies. Protein bands were visualized on HyperMax films using an ECL Plus System (GE Healthcare).
Quantification of DPP4 mRNA expression. For quantification of human DPP4 mRNA expression, we generated a dilution series of plasmid pcDNA3.1(+)-human DPP4 . Samples containing 300 000, 30 000, 3000, 300 and 30 copies of the DPP4 gene were analysed together with samples from the infection experiments in qRT-PCR. Copy numbers for each sample were calculated from a standard curve produced by the dilution series. Commercially available primers were used in the detection of DPP4 (Bio-Rad).
ELISA. IFN-l1 levels from cell supernatants were analysed using a VeriKine-DIY Human Interferon Lambda ELISA kit (PBL Interferon Source) according to the manufacturer's instructions. TNF-a and CXCL10 levels were analysed using antibodies provided by BD Pharmingen according to the manufacturer's instructions.
Statistical analysis. Statistical significances were calculated by using Student's t-test.
